The brain is a complex, heterogeneous organ composed of many anatomical and functional com ponents with markedly different levels of functional activity that vary independently with time and function . Other tissues are generally far more homogeneous, with most of their cells functioning similarly and synchronously in response to a com mon stimulus or regulatory influence. The central nervous system, however, consists of innumerable subunits, each integrated into its own set of func tional pathways and networks and subserving only one or a few of the many activities in which the nervous system participates. Understanding how the nervous system functions requires a knowledge not only of the mechanisms of excitation and inhi bition, but even more so of their precise localization in the nervous system and the relationships of neural subunits to specific functions.
Historically, studies of the central nervous sys tem have concentrated heavily on localization of function and mapping of pathways related to spe cific functions. These have been carried out neuroanatomically and histologically with staining and degeneration techniques, behaviorally with ablation and stimulation techniques, electrophysio logically with electrical recording and evoked electrical responses, and histochemically with a variety of techniques, including fluorescent and 7 immunofluorescent methods and autoradiography of orthograde and retrograde axoplasmic flow. Many of these conventional methods suffer from a sampling problem . They generally permit exam ination of only one potential pathway at a time, and only positive results are interpretable. Fur thermore, the demonstration of a pathway reveals only a potential for function ; it does not reveal its significance in normal function .
Tissues that do physical and/or chemical work such as heart, kidney, and skeletal muscle-exhibit a close relationship between energy metabolism and the level of functional activity. The existence of a similar relationship in the tissues of the central ner vous system has been more difficult to prove, partly because of uncertainty about the nature of the work associated with nervous functional activity, but mainly because of the difficulty in assessing the levels of functional and metabolic activities in the same functional component of the brain at the same time. Much of our present knowledge of cerebral energy metabolism in vivo has been obtained by means of the nitrous oxide technique of Kety and Schmidt (l948a) and its modifications (Scheinberg and Stead, 1949 ; Lassen and Munck, 1955 ; EklOf et aI., 1973 ; Gj edde et aI., 1975) , which measure the average rates of energy metabolism in the brain as a whole. These methods have demonstrated changes in cerebral metabolic rate in association with gross or diffuse alterations of cerebral function and/or structure, as, for example, those that occur during postnatal development, aging, senility, anesthesia, disorders of consciousness, and convulsive states (Kety, 1950 (Kety, , 1957 Lassen, 1959 ; Sokoloff, 1960 ]DG) and glucose in the arterial plasma, respective ly; C; and CE represent their respective concentrations in the tissue pools that serve as substrates for hexokinase. C;. represents the conce ntration of I HC Ideoxyglucose-6-phosphate in the tissue. The constants k;, k;, and k;, re present the rate constants for carrier-mediated transport of 1'4C IDG from plasma to tissue, for carrier-mediated transport back from tissue to plasma, and for phosphorylation by hexokinase, respectively. The constants k" k" and k3 are the equ ivalent rate constants for glucose. ['4C]DG and glucose share and compete for the carrier that transports both between plasma and tissue and for hexokinase which phosphorylates them to their respective hexose-6-phosphates. The dashed arrow represents the possibility of glucose-6-phosphate hydrolysis by glucose-6-phosphatase activity, if any. (Fro m Sokoloff, 1978b.) 1976). They have not detected changes in cerebral metabolic rate in a number of conditions with, perhaps, more subtle alterations in cerebral fu nc tional activity, for example, deep slow-wave sleep, performance of mental arithmetic, sedation and tranquilization, schizophrenia, and LSD-induced psychosis (Kety, 1950 ; Lassen , 1959 ; Sokoloff, 1969) . It is possible that there are no changes in cerebral energy metabolism in these conditions. The apparent lack of change could also be explained by either a redistribution of local levels of functional and metabolic activity without significant change in the average of the brain as a whole or the restriction of altered metabolic activity to regions too small to be detected in measurements of the brain as a whole. What has clearly been needed is a method that measures the rates of energy metabolism in specific discrete regions of the brain in normal and altered states of fu nctional activity.
In pursuit of this goal, Kety and his associates (Landau et aI., 1955 ; Freygang and Sokoloff, 1958; Kety, 1960 ; Reivich et aI., 1969 ) developed a quan titative auto radiographic technique to measure the local tissue concentrations of chemically inert, dif fu sible, radioactive tracers, which they used to de termine the rates of blood flow simultaneously in all J Cereb Blood FlO1\" Metabol. Vol. I. No. 1. 1981 the structural components visible and identifiable in autoradiographs of serial sections of the brain. The application of this quantitative autoradiographic technique to the determination of local cerebral metabolic rate has proved to be more difficult be cause of the inherently greater complexity of the problem and the unsuitability of the labeled species of the normal substrates of cerebral energy metabolism, oxygen and glucose. The radioisotopes of oxygen have too short a physical half-life. Both oxygen and glucose are too rapidly converted to carbon dioxide, and CO� is too rapidly cleared fr om the cerebral tissues. Sacks (1957) , for example, has fo und in man significant losses of 14C02 fr om the brain within 2 minutes after the onset of an intrave nous infusion of ['4C]glucose, labeled either uni fo rmly, in the C-l, C-2, or C-6 positions. These lim itations of [14C]glucose have been avoided by the use of 2-deoxy-o-[14C]glucose (['4C]DG), a labeled analogue of glucose with special properties that make it particularly appropriate for this application (Sokoloff et aI., 1977) . It is metabolized through part of the pathway of glucose metabolism at a de finable rate relative to that of glucose. Unlike glu cose, however, its product, [14C]deoxyglucose-6-phosphate ([14C]DG-6-P), is essentially trapped in Operational equation of rad ioactive deoxyg lucose method and its functional anatomy. T represents the time at the term ination of the experimental period; A eq uals the ratio of the distribution space of deoxyglucose in the tissue to that of glucose; <P equals the fraction of glucose which. once phosphory lated, continues down the glycolytic pathway; and K;, and V';' and Km and Vm represent the fam iliar Michaelis-Menten kinetic constants of hexokinase for deoxyg lucose and glucose, respectively. The other sym bols are the same as those defined in Fig. 1A . (Fro m Sokoloff, 1978b.) the tissues, allowing the application of the quantita tive autoradiographic technique. The use of radioactive DO to trace glucose utilization and the autoradiographic technique to achieve regional lo calization has recently led to the development of a method that measures the rates of glucose utiliza tion simultaneously in all components of the central nervous system in the normal conscious state and during experimental physiological, pharmacologi cal, and pathological conditions . Because the procedure is so designed that the concentrations of radioactivity in the tissues during autoradiography are more or less proportional to the rates of glucose utilization, the autoradiographs provide pictorial representations of the relative rates of glucose utilization in all the cerebral struc tures visualized. Numerous studies with this method have established that there is a close re lationship between functional activity and energy metabolism in the central nervous system Sokoloff, 1977) , and the method has be come a potent new tool for mapping functional neural pathways on the basis of evoked metabolic responses.
Theory
The method is derived fr om a model based on the biochemical properties of DO (Fig. lA) (Sokoloff et aI., 1977) . 2-Deoxyglucose is transported bi directionally between blood and brain by the same carrier that transports glucose across the blood brain barrier (Bidder, 1968 ; Bachelard, 197 1; Old endorf, 197 1) . In the cerebral tissues it is phos phorylated by hexokinase to DO-6-P (Sols and Crane, 1954) . Deoxyglucose and glucose are, therefore, competitive substrates for both blood brain transport and hexokinase-catalyzed phos phorylation. Unlike glucose-6-phosphate (O-6-P), however, which is metabolized further, eventually to CO2 and water and to a lesser degree via the hexosemonophosphate shunt, DO-6-P cannot be converted to fr uctose-6-phosphate and is not a sub strate for 0-6-P dehydrogenase (Sols and Crane, 1954) . There is very little glucose-6-phosphatase activity in brain (Hers, 1957) and even less deoxyglucose-6-phosphatase activity (Sokoloff et a!., 1977) . Deoxyglucose-6-phosphate, once formed, is therefore essentially trapped in the cerebral tissues, at least long enough for the duration of the measurement.
If the interval of time is kept short enough, for example, less than 1 hour, to allow the assumption of negligible loss of [14C]DG-6-P from the tissues, then the quantity of [14C]DG-6-P accumulated in any cerebral tissue at any given time following the introduction of [14C]DG into the circulation is equal to the integral of the rate of [14C]DG phosphoryla tion by hexokinase in that tissue during that inter val of time. This integral is in turn related to the amount of glucose that has been phosphorylated over the same interval, depending on the time courses of the relative concentrations of [14C]DG and glucose in the precursor pools and the Michaelis-Menten kinetic constants for hexokinase with respect to both [14C]DG and glucose. With cerebral glucose consumption in a steady state, the amount of glucose phosphorylated during the inter val of time equals the steady-state flux of glucose through the hexokinase-catalyzed step multiplied by the duration of the interval, and the net rate of flux of glucose through this step equals the rate of glucose utilization.
These relationships can be mathematically de fined and an operational equation derived if the fol lowing assumptions are made: (1) a steady state for glucose (i.e., constant plasma glucose concentra tion and constant rate of glucose consumption) throughout the period of the procedure ; (2) homogeneous tissue compartment within which the concentrations of [14C]DG and glucose are uniform and exchange directly with the plasma ; and (3) that [14C]DG is present in tracer concentrations (i.e., molecular concentrations of free [14C]DG essen tially equal to zero). The operational equation which defines R;, the rate of glucose consumption per unit mass of tissue, i. in terms of measurable variables is presented in Fig. lB .
The rate constants are determined in a separate group of animals by a nonlinear, iterative process which provides the least-squares best-fit of an equation which defines the time course of total tis sue 14C concentration in terms of the time, the his tory of the plasma concentration, and the rate con stants to the experimentally determined time courses of tissue and plasma concentrations of 14C (Sokoloff et aI., 1977) . The rate constants have thus far been completely determined only in normal con scious albino rats (Table 1) . Partial analyses indi cate that the values are quite similar in the con scious monkey (Kennedy et aI., 1978) . The A., <1>, and the enzyme kinetic constants are grouped together to constitute a single, lumped con stant (Fig. IB) . It can be shown mathematically that this lumped constant is equal to the asymptotic value of the product of the ratio of the cerebral ex traction ratios of [14C]DG and glucose and the ratio of the arterial blood to plasma-specific activities when the arterial plasma [14C]DG concentration is maintained constant (Sokoloff et aI., 1977) . The lumped constant is also determined in a separate group of animals from arterial and cerebral venous blood samples drawn during a programmed intrave nous infusion which produces and maintains a con stant arterial plasma [14C]DG concentration (Sokoloff et aI., 1977 ). An example of such a deter mination in a conscious monkey is illustrated in Fig.  2 . Thus far the lumped constant has been deter mined only in the albino rat, monkey, cat, and dog.
The lumped constant appears to be characteristic of the species and does not appear to change signifi cantly in a wide range of physiological conditions, some of which are shown in Table 2 (Sokoloff et aI., 1977) .
Despite its complex appearance, the operational equation is really nothing more than a general statement of the standard relationship by which rates of enzyme-catalyzed reactions are determined from measurements made with radioactive tracers (Fig. 1 B) . The numerator of the equation represents the amount of radioactive product formed in a given interval of time ; it is equal to C�, the combined concentrations of [14C]DG and [14C]DG-6-P in the tissue at time, T, measured by the quantitative au toradiographic technique, less a term that repre sents the free unmetabolized [14C]DG still remaining in the tissue. The denominator represents the inte grated specific activity of the precursor pool mul tiplied by a factor, the lumped constant, which is equivalent to a correction factor for an isotope ef fect. The term with the exponential factor in the denominator takes into the account the lag in the equilibration of the tissue precursor pool with the plasma.
Experimental Procedure fo r Measurement of Local Cerebral Glucose Utilization
Theoretical Considerations in the Design of the Procedure
The operational equation of the method specifies the variables to be measured in order to determine R;, the local rate of glucose consumption in the brain. The following variables are measured in each experiment: (1) the entire history of the arterial plasma [14C]DG concentration, Cp, from zero time to the time of killing, T; (2) the steady-state arterial plasma glucose level C p, over the same interval ; and (3) the local concentration of 14C in the tissue at the time of killing, C�(T) . The rate constants, kt k�, and k" and the lumped constant, A Vr�KIII /<I>VmK;:;, are not measured in each experiment ; the values for these constants that are used are those determined separately in other groups of animals as described above and presented in Tables 1 and 2 .
The operational equation is generally applicable with all types of arterial plasma [14C]DG concentra tion curves. Its configuration, however, suggests that a declining curve approaching zero by the time of sacrifice is the choice to minimize certain poten tial errors. The quantitative autoradiographic tech nique measures only total 14C concentration in the tissue and does not distinguish between [14C]DG-6-P and [14C]DG. It is, however, the [14C]DG-6-P concentration that must be known to determine glucose consumption.
[14C]DG-6-P con centration is calculated in the numerator of the op erational equation, which equals the total tissue 14C content, C�(T), minus the [14C]DG concentration present in the tissue, estimated by the term con taining the exponential factor and rate constants. In the denominator of the operational equation there is also a term containing an exponential factor and rate constants. Both these terms have the useful property of approaching zero with increasing time if ct is also allowed to approach zero. The rate con stants, k�, k\, and k�l' are not measured in the same animals in which local glucose consumption is being measured. It is conceivable that the rate constants in Table 1 are not equally applicable in all physiological, pharmacological, and pathological states. One possible solution is to determine the rate constants for each condition to be studied. An al- ...,--cp exponential factors have declined through at least 10 half-lives.
Experimental Protocol
The animals are prepared for the experiment by the insertion of polyethylene catheters in any con venient artery and vein. In the rat the femoral or the tail arteries and veins have been found satisfactory. In the monkey and cat the femoral vessels are prob ably most convenient. The catheters are inserted Duffy et al.. 1979 . (From Sokoloff. 1979 under anesthesia, and anesthetic agents without long-lasting aftereffects should be used. Light halothane anesthesia with or without supplementa tion with nitrous oxide has been found to be quite satisfactory. At least 2 hours are allowed for recov ery from the surgery and anesthesia before initiation of the experiment. The design of the experimental procedure for the measurement of local cerebral glucose utilization was based on the theoretical considerations dis cussed above. At zero time a pulse of 125 /LCi (no more than 2. 5 /Lmoles) of [14C]DG per kilogram of body weight is administered to the animal via the venous catheter. Arterial sampling is initiated with the onset of the pulse, and timed 50 -100 /LI samples of arterial blood are collected consecutively as rapidly as possible during the early period so as not to miss the peak of the arterial curve. Arterial sam pling is continued at less frequent intervals later in the experimental period but at sufficient frequency to define fully the arterial curve. The arterial blood samples are immediately centrifuged to separate the plasma, which is stored on ice until assayed for [14C]DG by liquid scintillation counting and glucose concentrations by standard enzymatic methods. At approximately 45 minutes the animal is decapitated, and the brain is removed and frozen in Freon XII or isopentane maintained between -50 and -75°C with liquid nitrogen. When fully frozen, the brain is stored at -70°C until sectioned and autoradio graphed. The experimental period may be limited to 30 minutes. This is theoretically permissible and may sometimes be necessary for reasons of experimental expediency, but greater errors due to possi ble inaccuracies in the rate constants may result.
Autoradiographic Measurement of Tissue 14C Concentration
The 14C concentrations in localized regions of the brain are measured by a modification of the quan titative autoradiographic technique previously de scribed (Reivich et aJ. , 1969) . The frozen brain is coated with chilled embedding medium (Lipshaw Manufacturing Co., Detroit, Mich. ) and fixed to object-holders appropriate to the microtome to be used.
Brain sections, precisely 20 /Lm in thickness, are prepared in a cryostat maintained at -21 to -22°C. The brain sections are picked up on glass cover slips, dried on a hot plate at 60°C for at least 5 minutes, and placed sequentially in an X-ray cas sette. A set of [14C]methyl methacrylate standards (Amersham Corp. , Arlington Heights, 111.), which include a blank and a series of progressively in creasing 14C concentrations, are also placed in the cassette. These standards must previously have been calibrated for their autoradiographic equiva lence to the 14C concentrations in brain sections, 20 /Lm in thickness, prepared as described above. The method of calibration has been previously described (Reivich et aI., 1969) .
Autoradiographs are prepared from these sec tions directly in the X-ray cassette with Kodak single-coated, blue-sensitive Medical X-ray Film, Type SB-5 (Eastman Kodak Co., Rochester, N.Y.) .
The exposure time is generally 5-6 days with the doses used as described above , and the exposed films are developed according to the instructions supplied with the film. The SB-5 X-ray film is rapid but coarse grained. For finer-grained autoradio graphs and , therefore , better-defined images with higher resolution , it is possible to use mammo graphic films , such as DuPont LoDose or Kodak MR-l films , or fine-grain panchromatic film such as Kodak Plus-X, but the exposure times are two to three times longer. The auto radiographs provide a pictorial representation of the relative 14C concen trations in the various cerebral structures and the plastic standards. A calibration curve of the re lationship between optical density and tissue 14C concentration for each film is obtained by den sitometric measurements of the portions of the film representing the various standards. The local tissue concentrations are then determined from the calibration curve and the optical densities of the film in the regions representing the cerebral struc tures of interest. Local cerebral glucose utilization is calculated from the local tissue concentrations of 14C and the plasma [14C]DG and glucose concentra tions according to the operational equation (Fig. IB) .
Computerized Color-Coded Image Processing
The autoradiographs provide pictorial repre sentations of only the relative concentrations of the isotope in the various tissues. Because of the use of a pulse followed by a long period before killing , the isotope is contained mainly in DG-6-P, which re flects the rate of glucose metabolism. The au toradiographs are , therefore , pictorial repre sentations also of the relative but not the actual rates of glucose utilization in all the structures of the nervous system. Furthermore, the resolution of differences in relative rates is limited by the ability of the human eye to recognize differences in shades of gray. Manual densitometric analysis permits the computation of actual rates of glucose utilization with a fair degree of resolution , but it generates enormous tables of data which fail to convey the tremendous heterogeneity of metabolic rates , even within anatomic structures , or the full information contained within the autoradiographs. have developed a computerized image processing system to analyze and transform the auto radiographs into color-coded maps of the dis tribution of the actual rates of glucose utilization exactly where they are located throughout the cen tral nervous system. The autoradiographs are
scanned automatically by a computer-controlled scanning microdensitometer. The optical density of each spot in the autoradiograph , from 25 to 100 /-Lm , as selected , is stored in a computer , converted to 14C concentration on the basis of the optical den sities of the calibrated 14C plastic standards, and then converted to local rates of glucose utilization by solution of the operational equation of the method. Colors are assigned to narrow ranges of the rates of glucose utilization , and the autoradiographs are then displayed on a color TV monitor in color along with a calibrated color scale for identifying the rate of glucose utilization in each spot of the autoradiograph from its color. These color maps add a third dimension , the rate of glucose utilization on a color scale , to the spatial dimensions already present on the autoradiographs.
Rates of Local Cerebral Glucose Utilization in the Normal Conscious State
Thus far , quantitative measurements of local ce rebral glucose utilization have been reported only for the albino rat (Sokoloff et aI. , 1977) and monkey (Kennedy et aI. , 1978) . These values are presented in Table 3 . The rates of local cerebral glucose utili zation in the normal conscious rat vary widely throughout the brain. The values in white structures tend to group together and are always considerably below those of gray structures. The average value in gray matter is approximately three times that of white matter, but the individual values vary from approximately 50 to 200 /-Lmoles of glucosel lOO g/min. The highest values are in the structures in volved in auditory functions , with the inferior col liculus clearly the most metabolically active struc ture in the brain.
The rates of local cerebral glucose utilization in the conscious monkey exhibit similar heterogene ity , but they are generally one-third to one-half the values in corresponding structures of the rat brain (Table 3 ). The differences in rates in the rat and monkey brain are consistent with the different cel lular packing densities in the brains of these two species.
Effects of General Anesthesia
General anesthesia produced by thiopental re duces the rates of glucose utilization in all struc tures of the rat brain (Table 4) (Sokoloff et aI. , 1977) . The effects are not uniform, however. The greatest reductions occur in the gray structures , (II = 7) 59 ± 2 79 ± 4 47 ± 4 44 ± 3 54 ± 2 43 ± 2 65 ± 3 39 ± I 25 ± I 57 ± 3 39 ± 2 25 ± 2 52 ± 3 36 ± 2 26 ± 2 29 ± 2 66 ± 3 51 ± 3 63 ± 4 103 ± 6 55 ± 4
The values are the means ± standard errors from measure ments made in the number of animals indicated in parentheses.
particularly those of the primary sensory pathways . The effects in white matter, though definitely pres ent, are relatively small compared to those of gray matter . These results are in agreement with those of previous studies in which anesthesia has been found to decrease the cerebral metabolic rate of the brain as a whole (Kety, 1950 ; Lassen, 1959 ; Sokoloff, 1976) .
Relation Between Local Functional Activity and Energy Metabolism
The results of a variety of applications of the method demonstrate a clear relationship between local cerebral functional activity and glucose con sumption . The most striking demonstrations of the close coupling between function and energy metabolism are seen with experimentally induced " The values are the means ± standard errors obtained in the number of animals indicated in parentheses. All the differences are statistically significant at the p < 0.05 level.
From Sokoloff et aI., 1977. local alterations in functional activity that are re stricted to a few specific areas in the brain . The effects on local glucose consumption are then so pronounced that they are not only observed in the quantitative results, but can be visualized directly on the autoradiographs-which are really pictorial representations of the relative rates of glucose utili zation in the various structural components of the brain.
Effects of Increased Functional Activity
Effects of sciatic nerve stimulation. Electrical stimulation of one sciatic nerve in the rat under bar biturate anesthesia causes pronounced increases in glucose consumption (i.e., increased optical density in the autoradiographs) in the ipsilateral dorsal horn of the lumbar spinal cord (Kennedy et aI., 1975) .
Effects of experimental fo cal seizures. The local injection of penicillin into the hand-face area of the motor cortex of the Rhesus monkey has been shown to induce electrical discharges in the adjacent cor tex and to result in recurrent focal seizures involv ing the face, arm, and hand on the contralateral side (Caveness, 1969) . Such seizure activity causes selective increases in glucose consumption in areas of motor cortex adjacent to the penicillin locus and in small discrete regions of the putamen, globus pallidus, caudate nucleus, thalamus, and substantia nigra of the same side (Fig. 3) (Kennedy et aI., 1975) . Similar studies in the rat have led to compa rable results and provided evidence on the basis of an evoked metabolic response of a "mirror" focus in the motor cortex contralateral to the penicillin induced epileptogenic focus (Collins et aI., 1976) .
Effects of Decreased Functional Activity
Decrements in functional activity result in re duced rates of glucose utilization. These effects are particularly striking in the auditory and visual FIG. 3 . Effects of focal seizures produced by local applicatio n o f penicillin to motor cortex on local cerebral glucose utilizatio n in the Rhesus monkey. The penicillin was applied to the hand and face area of the left motor cortex. The left side of the brain is on the left in each of the autoradiographs in the figure. The numbers are the rates of local cerebral glucose utilization in fLmoles/1 00 g tissue/min. Note the following: in the upper left, motor cortex in the region of penicillin application and corresponding region of contralateral motor cortex; lower left: ipsilateral and contralateral motor cortical regions remote from area of penicillin applications; upper right: ipsilateral and contralateral putamen and globus pallidus; lower right: ipsi lateral and contralateral thalamic nuclei and substantia nigra. (Fro m Sokoloff, 1977.) systems of the rat and the visual system of the monkey .
Effects of auditory deprivation. In the albino rat some of the highest rates of local cerebral glucose utilization are found in components of the auditory system, i.e., auditory cortex, medial geniculate ganglion, inferior colliculus, lateral lemniscus, su perior olive, and cochlear nucleus (Table 3) . Bilat eral auditory deprivation by occlusion of both ex ternal auditory canals with wax markedly depresses the metabolic activity in all of these areas (Sokoloff, 1977) . The reductions are symmetrical bilaterally and range from 35 to 60%. Unilateral auditory de privation also depresses the glucose consumption of these structures but to a lesser degree . and some of the structures are asymmetrically affected . For example, the metabolic activity of the ipsilateral cochlear nucleus equals 75% of the activity of the contralateral nucleus . The lateral lemniscus, supe rior olive, and medial geniculate ganglion are slightly lower on the contralateral side, while the contralateral inferior colliculus is markedly lower in metabolic activity than the ipsilateral structure . These results demonstrate that there is some degree of lateralization and crossing of auditory pathways in the rat .
Visual deprivation in the rat. In the rat, the visual system is 80 -85% crossed at the optic chiasma (Lashley, 1934; Montero and Guillery, 1968) , and unilateral enucleation removes most of the visual input to the central visual structures of the contralateral side . In the conscious rat studied 2-24 hours after unilateral enucleation, there are marked decrements in glucose utilization in the contralateral superior colliculus, lateral geniculate ganglion, and visual cortex as compared to the ip silateral side (Kennedy et aI., 1975) .
Visual deprivation in the monkey. In animals with binocular visual systems, such as the Rhesus monkey, there is only approximately 50% crossing of the visual pathways, and the structures of the visual system on each side of the brain receive equal inputs from both retinae . Although each retina pro jects more or less equally to both hemispheres, their projections remain segregated and terminate in six well-defined laminae in the lateral geniculate gan glia, three each for the ipsilateral and contralateral eyes Wiesel, 1968, 1972; Wiesel et aI., 1974; Rakic, 1976) . This segregation is preserved in the optic radiations which project the monocular representations of the two eyes for any segment of the visual field to adjacent regions of Layer IV of the striate cortex Wiesel, 1968, 1972) . The cells responding to the input of each monocular terminal zone are distributed transversely through the thickness of the striate cortex, resulting in a mosaic of columns, 0.3-0 .5 mm in width, alter nately representing the monocular inputs of the two eyes . The nature and distribution of these ocular dominance columns have previously been charac terized by electrophysiological techniques (Hubel and Wiesel, 1968) , Nauta degeneration methods (Hubel and Wiesel, 1972) , and by auto radiographic visualization of axonal and transneuronal transport of [:lH ]proline-and [: lH]fucose-labeled protein and/or glycoprotein (Wiesel et aI., 1974; Rakic, 1976) . Bilateral or unilateral visual deprivation. either by enucleation or by the insertion of opaque plastic discs. produces consistent changes in the pattern of distribution of the rates of glucose con sumption, all clearly visible in the autoradiographs, that coincide closely with the changes in functional activity expected from known physiological and an atomical properties of the binocular visual system (Kennedy et aI., 1976) .
In animals with intact binocular vision, no bilat eral asymmetry is seen in the autoradiographs of the structures of the visual system (Figs . 4A, 5A ) . The lateral geniculate ganglia and oculomotor nuclei ap pear to be of fairly uniform density and essentially the same on both sides (Fig . 4A) . The visual cortex is also the same on both sides (Fig . 5A ), but throughout all of Area 17 there is heterogeneous density distributed in a characteristic laminar pat tern . These observations indicate that in animals with binocular visual input the rates of glucose con sumption in the visual pathways are essentially equal on both sides of the brain and relatively uni form in the oculomotor nuclei and lateral geniculate ganglia, but markedly different in the various layers of the striate cortex .
Autoradiographs from animals with both eyes occluded exhibit generally decreased labeling of all components of the visual system, but the bilateral symmetry is fully retained (Figs . 4B, 5B) , and the density within each lateral geniculate body is for the most part fairly uniform (Fig . 4B) . In the striate cortex, however, the marked differences in the den sities of the various layers seen in the animals with intact bilateral vision (Fig . 5A ) are virtually absent so that, except for a faint delineation of a band within Layer IV, the concentration of the label is essentially homogeneous throughout the striate cor tex (Fig . 5B) .
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FIG. 4. Autoradiography of coronal brain sections of monkey at the level of the lateral geniculate bodies. Large arrows point to the lateral geniculate bodies; small arrows point to oculomoto r nuclear complex. A: Animal with intact binocular vision. Note the bil ateral symmetry and relative homogeneity of the lateral geniculate bodies and oculomotor nuclei. B: Animal with bilateral visual occlusion. Note the reduced relative den sities, the rel ative homogeneity, and the bilateral symmetry of the lateral genicu late bodies and oculomotor nuclei. C: Animal with right eye occluded. The left side of the brain is on the left side of the photograph. Note the laminae and the inve rse order of the dark and light bands in the two lateral geniculate bodies. Note also the lesser de n sity of the oculomotor nuclear complex on the side contralateral to the occluded eye. (From Kennedy et aI., 1976.) Autoradiographs from monkeys with only monocular input because of unilateral visual occlu sion exhibit markedly different patterns from those described above. Both lateral geniculate bodies ex hibit exactly inverse patterns of alternating dark and light bands corresponding to the known laminae representing the regions receiving the different in puts from the retinae of the intact and occluded eyes (Fig. 4C) . Bilateral asymmetry is also seen in the oculomotor nuclear complex; a lower density is ap parent in the nuclear complex contralateral to the occluded eye (Fig. 4C) . In the striate cortex the pattern of distribution of [14C]DG-6-P appears to be a composite of the patterns seen in the animals with intact and bilaterally occluded visual input. The pattern found in the former regularly alternates with that of the latter in columns oriented perpendicu larly to the cortical surface (Fig. SC) . The dimen sions, arrangement, and distribution of these col umns are identical to those of the ocular dominance columns described by Rubel and Wiesel (Rubel and Wiesel, 1968, 1972; Wiesel et ai. , 1974) . These col umns reflect the interdigitation of the repre sentations of the two retinae in the visual cortex. Each element in the visual fields is represented by a pair of contiguous bands in the visual cortex, one for each of the two retinae or their portions that correspond to the given point in the visual fields. With symmetrical visual input bilaterally, the col umns representing the two eyes are equally active and, therefore, not visualized in the autoradio graphs (Fig. SA) . When one eye is blocked, however, only those columns representing the blocked eye become metabolically less active, and the au toradiographs then display the alternate bands of normal and depressed activities corresponding to the regions of visual cortical representation of the two eyes (Fig. SC) .
There can be seen in the autoradiographs from the animals with unilateral visual deprivation a pair of regions in the folded calcarine cortex that exhibit bilateral asymmetry (Fig. SC) . The ocular domi nance columns are absent on both sides, but on the side contralateral to the occluded eye this region has the appearance of visual cortex from an animal with normal bilateral vision, and on the ipsilateral side this region looks like cortex from an animal with both eyes occluded (Fig. S) . These regions are the loci of the cortical representation of the blind spots of the visual fields and normally have only monocular input (Kennedy et ai. , 1975 (Kennedy et ai. , , 1976 . The area of the optic disc in the nasal half of each retina cannot transmit to this region of the contralateral striate cortex which, therefore, receives its sole input from an area in the temporal half of the ipsilat eral retina. Occlusion of one eye deprives this re gion of the ipsilateral striate cortex of all input while the corresponding region of the contralateral striate cortex retains uninterrupted input from the intact eye. The metabolic reflection of this ipsilateral monocular input is seen in the autoradiograph in Fig. Sc. The results of these studies with the [l4C]de oxyglucose method in the binocular visual system of the monkey represent the most dramatic demon stration of the close relationship between physio logical changes in functional activity and the rate of energy metabolism in specific components of the central nervous system.
Applications of the Deoxyglucose Method
The results of studies like those described above on the effects of experimentally induced focal alter ations of functional activity on local glucose utiliza tion have demonstrated a close coupling between local functional activity and energy metabolism in the central nervous system. The effects are often so pronounced that they can be visualized directly on the autoradiographs, which provide pictorial repre sentations of the relative rates of glucose utilization throughout the brain. This technique of auto radio graphic visualization of evoked metabolic responses offers a powerful tool to map functional neural pathways simultaneously in all anatomical compo nents of the central nervous system, and extensive use has been made of it for this purpose (Plum et aI., 1976) . The results have clearly demonstrated the effectiveness of metabolic responses, either posi tive or negative, in identifying regions of the central nervous system involved in specific functions.
The method has been used most extensively in qualitative studies in which regions of altered func tional activity are identified by the change in their visual appearance relative to other regions in the autoradiographs. Such qualitative studies are effec tive only when the effects are lateralized to one side or when only a few discrete regions are affected; other regions serve as the controls. Quantitative comparisons cannot, however, be made for equiv alent regions between two or more animals. To make quantitative comparisons between animals, the fully quantitative method must be used, which takes into account the various factors, particularly the plasma glucose level, that influence the mag nitude of labeling of the tissue. The method must be used quantitatively when the experimental proce dure produces systemic effects and alters metabo lism in many regions of the brain.
A comprehensive review of the many qualitati ve and quantitative applications of the method is be yond the scope of this report. Only some of the many neurophysiological, neuroanatomical , phar macological, and pathophysiological applications of the method will be briefly noted merely to illustrate the broad extent of its potential usefulness.
Neurophysiological and Neuroanatom ical Applications
Many of the physiological applications of the [14C]deoxyglucose method were in studies designed to test the method and to examine the relationship between local cerebral functional and metabolic ac tivities. These applications have been described above. The most dramatic results have been ob tained in the visual systems of the monkey and the rat. The method has, for example, been used to de fine the nature, conformation, and distribution of the ocular dominance columns in the striate cortex of the monkey (Fig. 5C) (Kennedy et aI., 1976) . It has been used by Hubel et al. (1978) to do the same for the orientation columns in the striate cortex of the monkey. A byproduct of the studies of the ocu lar dominance columns was the identification of the loci of the visual cortical representation of the blind spots of the visual fields (Fig. 5C) (Kennedy et aI., 1976) . Studies are currently in progress to map the pathways of higher visual functions beyond the striate cortex; the results thus far demonstrate ex tensive areas of involvement of the inferior tem poral cortex in visual processing (Jarvis et aI., 1978) . Des have used the method to demonstrate functional plasticity in the striate cortex of the infant monkey. The ocular dominance columns are already present on the first day of life, but if one eye is kept patched for three months, the columns representing the open eye broaden and completely take over the adjacent re gions of cortex containing the columns for the eye that had been patched. Inasmuch as the re is no longer any cortical representation for the pate hed eye, the animal becomes functionally blind in one eye. This phenomenon is almost certainly the basis for the cortical blindness or amblyopia th at often occurs in children with uncorrected strabismus.
There have also been extensive studies of the vi sual system of the rat. This species has little if any binocular vision and, therefore, lacks the ocular dominance columns. Batipps et al. (1981) have compared the rates of local cerebral glucose utiliza tion in albino and Norway brown rats during expo sure to ambient light. The rates in the two strains were essentially the same throughout the brain ex cept in the components of the primary visual sys tem. The metabolic rates in the superior collieulus, lateral geniculate, and visual cortex of the albino rat were significantly lower than those in the pigmented rat . Miyaoka et al. (l979a) have studied th e influ ence of the intensity of retinal stimulation with ran domly spaced light flashes on the metabolic rates in the visual systems of the two strains. In dark adapted animal s there is relatively little difference between the two strains. With increasing intensity of light , the rates of glucose utilization first increase in the primary projection areas of the retin a, e.g., superficial layer of the superior colliculus and lat eral geniculate body, and the slopes of the increase are steeper in the albino rat (Fig. 6) . At 7 lu x, how ever, the metabolic rates peak in the albino rat and then decrease with increasing light intensity . In contrast, the metabolic rates in the pigmented rat rise until they reach a plateau at about 700 lux, ap proximately the ambient light intensity in the labo ratory. At this level, the metabolic rates in the vi sual structures of the albino rat are considerably below those of the pigmented rat. These results are consistent with the greater intensity of light reach ing the visual cells of the retina in the albino rats because of lack of pigment and the subseq uent damage to the rods at higher light intensities. It is of considerable interest that the rates of glucose utili zation in these visual structures obey the Weber Fechner Law, i.e., the metabolic rate is directly proportional to the logarithm of the intensity of stimulation (Miyaoka et aI., 1979a) . Inasmuch as FIG. 5 . Autoradiographs of coronal brain sections from Rhesus monkeys at the level of the striate cortex. A: Animal wit h normal binocular vision. Note the laminar distribution of the density ; the dark band corresponds to Layer IV. B: Animal with bilate ral visual deprivatio n. Note the almost uniform and reduced re l ative density, especially the vi rtual disappearance of the dark band corresponding to Layer IV. C: Animal wit h ri ght eye occluded. The half-brain on the left side of the photograph represents the left hemisphere contralateral to the occluded eye. Note the alternate dark and lig ht st riatio ns, each approximately 0.3-0.4 mm in width. that rep resent the ocular dominance columns. These columns are most apparent in the dark band corresponding to Layer IV but extend throug h the entire thickness of the cortex. The arrows point to regions of bilateral asymmetry where the ocular dominance columns are absent. These are presumably areas wit h normally only monocular input. The one on the left, contralateral to occluded eye, has a continuous dark lamina corresponding to Layer IV whic h is completely absent on the side ipsilateral to the occluded eye. These regions are believed to be the loci of the cortical re presentatio ns of the blind spots. ( w'E 100
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Vl, 0", Uo this law was first developed from behavioral man ifestations, these results imply that there is a quan titative relationship between behavioral and metabolic responses . Although less extensive, there have also been ap plications of the method to other sensory systems . In studies of the olfactory system Sharp et al . (1975) have found that olfactory stimulation with specific odors activates glucose utilization in localized re gions of the olfactory bulb . In addition to the ex periments in the auditory system described above, there have been studies of tonotopic representation in the auditory system . Webster et al. (1978) have obtained clear evidence of selective regions of metabolic activation in the cochlear nucleus, supe rior olivary complex, nuclei of the lateral lemnisci, and the inferior colliculus in cats in response to dif ferent frequencies of auditory stimulation. Similar results have been obtained by Silverman et al . (1977) in the rat and guinea pig . Studies of the sen sory cortex have demonstrated metabolic activation of the "whisker barrels" by stimulation of the vi brissae in the rat (Durham and Woolsey, 1977; Hand et aI., 1978) . Each vibrissa is represented in a dis crete region of the sensory cortex; their precise lo cation and extent have been elegantly mapped by Hand et al . (1978) and Hand (1981) by means of the [14C]deoxyglucose method .
Thus far, there has been relatively little applica tion of the method to the physiology of motor func tions . Kennedy et al . (1980) have studied monkeys that were conditioned to perform a task with one hand in response to visual cues; in the monkeys which were performing, they observed metabolic activation throughout the appropriate areas of the motor as well as sensory systems from the cortex to the spinal cord .
An interesting physiological application of the [14C]deoxyglucose method has been to the study of circadian rhythms in the central nervous system . Schwartz and his co-workers (1977, 1980) found that the suprachiasmatic nucleus in the rat exhibits cir cadian rhythmicity in metabolic activity, high during the day and low during the night (Fig . 7) . None of the other structures in the brain that they examined showed rhythmic activity . The normally low activ ity present in the nucleus in the dark could be markedly increased by light, but darkness did not reduce the glucose utilization during the day . The rhythm is entrained to light; reversal of the light dark cycle leads not only to reversal of the rhythm in running activity, but also in the cycle of metabolic activity in the suprachiasmatic nucleus . These studies lend support to a role of the su prachiasmatic nucleus in the organization of circa dian rhythms in the central nervous system . Much of our knowledge of neurophysiology has been derived from studies of the electrical activity of the nervous system . Indeed, from the heavy em phasis that has been placed on electrophysiology one might gather that the brain is really an electric organ rather than a chemical one that functions mainly by the release of chemical transmitters at synapses . Nevertheless, electrical activity is un questionably fundamental to the process of con duction, and it is appropriate to inquire how the local metabolic activities revealed by the [!4C] deoxyglucose method are related to the electrical activity of the nervous system . This question is cur rently being examined by Yarowsky and his co workers (1979) in the superior cervical ganglion of the rat . The advantage of this structure is that its preganglionic input and postganglionic output can be isolated and electrically stimulated and/or mon itored in vivo. The results thus far indicate a clear relationship between electrical input to the ganglion and its metabolic activity . In normal conscious rats its rate of glucose utilization equals approximately 35 /Lmoles/ lOO g/min . This rate is markedly de pressed by anesthesia or denervation and enhanced by electrical stimulation of the afferent nerves . The metabolic activation is frequency dependent in the range of 5 -15 Hz, increasing linearly in magnitude with increasing frequency of the stimulation (Fig.  8) . Similar effects of electrical stimulation on the oxygen and glucose consumption of the excised ganglion studied in vitro have been observed (Horowicz and Larrabee, 1958; Larrabee, 1958; Friedli, 1978) . Recent studies have also shown that antidromic stimulation of the postganglionic effer ent pathways from the ganglion has similar effects; stimulation of the external carotid nerve antidrom ically activates glucose utilization in the region of distribution of the cell bodies of this efferent path way, indicating that not only the preganglionic axonal terminals are metabolically activated, but the postganglionic cell bodies as well (Yarowsky et aI., 1980) . As already demonstrated in the neu rohypophysis (Mata et aI ., 1980) , the effects of electrical stimulation on energy metabolism in the superior cervical ganglion are also probably due to the ionic currents associated with the spike activity and the consequent activation of the Na+, K+ ATPase activity to restore the ionic gradients . Relationship between ave rage glucose utilization in the superio r cervical ganglion of the rat and the frequency of electrical stimulatio n of the cervical sympathetic trunk, (i.e., preganglionic in put). The animals were under urethane anesthesia. The cervical sympathetic trunk was transected, and the distal portion was stimulated with 0.3-0.4 msec monopolar pulses administered via a stimulation isolation unit at a maximum current of 500 /LA and at the frequency indicated. (From Yarowsky et aI., 1979.) Electrical stimulation of the afferents to sympa thetic ganglia have been shown to increase ex tracellular K+ concentrations (Friedli, 1978; Galvan et aI ., 1979) . Each spike is normally associated with a sharp transient rise in extracellular K+ concentra tion, which then rapidly falls and transiently under shoots before returning to the normal level (Galvan et aI ., 1979) ; ouabain slows the decline in K+ con centration after the spike and eliminates the under shoot . Continuous stimulation at a frequency of 6 Hz produces a sustained increase in extracellular K+ concentration (Galvan et aI ., 1979) . It is likely that the increased extracellular K+ concentration and, almost certainly, increased intracellular Na+ con centration activate the Na+, K+ -ATPase, which in turn leads to the increased glucose utilization .
Pharmacological Applications
The ability of the deoxyglucose method to map the entire brain for localized regions of altered functional activity on the basis of changes in energy metabolism offers a potent tool to identify the neural sites of action of agents with neurophar macological and psychopharmacological actions . It does not, however, discriminate between the direct and indirect effects of the drug . An entire pathway may be activated even though the direct action of the drug may be exerted only at the origin of the pathway . This is of advantage for relating be havioral effects to central actions, but it is a disad vantage if the goal is to identify the primary site of action of the drug . To discriminate between direct and indirect actions of a drug the [14C]deoxyglucose method must be combined with selectively placed lesions in the CNS that interrupt afferent pathways to the structure in question . If the metabolic effect of the drug then remains, then it is due to direct action; if lost, the effect is likely to be indirect and mediated via the interrupted pathway . Neverthe less, the method has proved to be useful in a number of pharmacological studies .
Effects of y-butyrolactone. y-Hydroxybutyrate and y-butyrolactone, which is hydrolyzed to y hydroxybutyrate in plasma, produce trancelike be havioral states associated with marked suppression of electroencephalographic activity (Roth and Giarman, 1966) . These effects are reversible, and these drugs have been used clinically as anesthetic adjuvants . There is evidence that these agents lower neuronal activity in the nigrostriatal pathway and may act by inhibition of dopaminergic synapses (Roth, 1976) . Studies in rats with the [14C]de oxyglucose technique have demonstrated that y-butyrolactone produces profound dose-dependent reductions of glucose utilization throughout the brain (Wolfson et aI., 1977) . At the highest doses studied, 600 mg/kg of body weight, glucose utiliza tion was reduced by approximately 75% in gray matter and 33% in white matter, but there was no obvious further specificity with respect to the local cerebral structures affected. The reversibility of the effects and the magnitude and diffuseness of the depression of cerebral metabolic rate suggests that this drug might be considered as a chemical substi tute for hypothermia in conditions in which pro found reversible reduction of cerebral metabolism is desired.
Effects of D-lysergic acid diethylamide. The effects of the potent psychotomimetic agent, D lysergic acid diethylamide, have been examined in the rat (Sh inohara et aI., 1976) . In doses of 12.5 -125 p,g/kg, it caused dose-dependent reduc tions in glucose utilization in a number of cerebral structures. With increasing dosage more structures were affected and to a greater degree. There was no pattern in the distribution of the effects, at least none discernible at the present level of resolution, that might contribute to the understanding of the drug 's psychotomimetic actions.
Effects of morphine addiction and withdrawal. Acute morphine administration depresses glucose utilization in many areas of the brain, but the spe cific effects of morphine could not be distinguished from those of the hypercapnia produced by the as sociated respiratory depression (Sakurada et aI., 1976) . In contrast, morphine addiction, produced within 24 hours by a single subcutaneous injection of 150 mg/kg of morphine base in an oil emulsion, reduces glucose utilization in a large number of gray structures in the absence of changes in arterial Pc o2• White matter appears to be unaffected. Naloxone (l mg/kg, s.c.) reduces glucose utilization in a number of structures when administered to normal rats, but when given to the morphine addicted animals produces an acute withdrawal syndrome and reverses the reductions of glucose utilization in several structures, most strikingly in the habenula (Sakurada et aI., 1976) .
Pharmacological studies of dopaminergic sys tems. The most extensive applications of the deoxyglucose method to pharmacology have been in studies of dopaminergic systems. Ascending dopaminergic pathways appear to have a potent in fluence on glucose utilization in the forebrain of rats. Electrolytic lesions placed unilaterally in the
lateral hypothalamus or pars compacta of the sub stantia nigra caused marked ipsilateral reductions of glucose metabolism in numerous forebrain struc tures rostral to the lesion, particularly the frontal cerebral cortex, caudate-putamen, and parts of the thalamus (Schwartz et aI. , 1976 ; Schwartz, 1978) . Similar lesions in the locus coeruleus had no such effects.
Enhancement of dopaminergic synaptic activity by administration of the agonist of dopamine, apomorphine , or of am phetamine (Wechsler et aI., 1979) , which stimulates release of dopamine at the synapse, produces marked increases in glucose consumption in some of the components of the extrapyramidal system known or suspected to contain dopamine-receptive cells. With both drugs, the greatest increases noted were in the zona reticulata of the substantia nigra and the subthalamic nucleus. Surprisingly, none of the components of the dopaminergic mesolimbic system appeared to be affected.
The studies with amphetamine (Wechsler et aI., 1979) were carried out with the fully quantitative [14C]deoxyglucose method. The results in Table 5 illustrate the comprehensiveness with which this method surveys the entire brain for sites of altered activity due to actions of the drug. It also allows for quantitative comparison of the relative potencies of related drugs. For example, in Table 5 , the com parative effects of d-amphetamine and the less po tent dopaminergic agent, I-amphetamine, are com pared ; the quantitative results clearly reveal that the effects of I-amphetamine on local cerebral glucose utilization are more limited in distribution and of lesser magnitude than those of d-amphetamine. In deed, in similar quantitative studies with apomor phine, McCulloch et aI. (1979 McCulloch et aI. ( , 1980a have been able to generate complete dose-response curves for the effects of the drug on the rates of glucose utili zation in various components of dopaminergic sys tem. They have also demonstrated metabolically the development of supersensitivity to apomorphine in rats maintained chronically on the dopamine antagonist, haloperidol (1. McCulloch, H. E. Savaki, A. Pert, W. Bunney, and L. Sokoloff, un published observations). In the course of these studies with apomorphine, McCulloch et aI. (1980b ) obtained evidence of a retinal dopaminergic system that projects specifically to the superficial layer of the superior colliculus in the rat. Apomorphine ad ministration activated metabolism in the superficial layer of the superior colliculus, as well as in other structures, but the effe ct in the superficial layer was pre vented by prior enucleation (Fig. 9) . Miyaoka (unpublished observations) subsequently observed that intraocular administration of minute amounts of apomorphine caused increased glucose utiliza tion only in the superficial layer of the superior col liculus of the contralateral side.
Effects of 0'-and ,B-adrenergic blocking agents. Savaki et al. (1978) have studied the effects of the saline GS saline: right eye enucleated O'-adrenergic-blocking agent, phentolamine, and the ,B-adrenergic-blocking agent, propranolol . Both drugs produced widespread dose-dependent de pressions of glucose utilization throughout the brain, but exhibit particularly striking and opposite effec ts in the complete auditory pathway from the cochlear nucleus to the auditory cortex. Proprano lol markedly depressed and phentolamine markedly enhanced glucose utilization in this pathway. The apomorphine SGS apomorphine: right eye enucleated FIG. 9. Representative auto rad iographs at the level of superior colliculus in dark-adapted rats st udied in the dark. Upper left: Sal ine, intact visual system. Upper right: Apomorphine (1 .5 mg/kg), intact visual system. Note bilate rally increased optical density (that is, elevated glucose utilization) in both superficial and deep laminae of the superior colliculus. Lower left: Saline, right eye enucleated. Asymmetrical optical density with reduction on contralateral side is apparent within the superficial layer. whereas in the deeper layer the optical density remains symmetrical. functional significance of these effects is unknown , but they seem to correlate with corresponding ef fects on the electrophysiological responsiveness of this sensory system. Propranolol depresses and phentolamine enhances the amplitude of all compo nents of evoked auditory responses (T. Furlow and J. Hallenbeck , personal communication).
Pathophysiological Applications
The application of the deoxyglucose method to the study of pathological states has been limited be cause of uncertainties about the values for the lumped and rate constants to be used. There are, however, pathophysiological states in which there is no structural damage to the tissue , and the stan dard values of the constants can be used. Several of these conditions have been and are continuing to be studied by the [14C]deoxyglucose technique , both qualitatively and quantitatively.
Convulsive states. The local injection of penicil lin into the motor cortex produces focal seizures manifested in specific regions of the body contralat erally. The ['4C]deoxyglucose method has been used to map the spread of seizure activity within the brain and to identify the structures with altered functional activity during the seizure. The partial results of one such experiment in the monkey are illustrated in Fig. 3 . Discrete regions of markedly increased glucose utilization , sometimes as much as 200%, are observed ipsilaterally in the motor cor tex , basal ganglia , particularly the globus pallidus , thalamic nuclei , and contralaterally in the cerebellar cortex (Kennedy et aI. , 1975) . Kato et al. (1980) , Caveness et al. (1980) , Hosokawa et al. (1980) , and Caveness (1980) have carried out the most exten sive studies of the propagation of the seizure activ ity in newborn and pubescent monkeys. The results indicate that the brain of the newborn monkey ex hibits similar increases of glucose utilization in spe cific structures , but the pattern of distribution of the effects is less well-defined than in the pubescent monkeys. Collins et a\. (1976) have carried out sim ilar studies in the rat with similar results but also obtained evidence based on local stimulation of glu cose utilization for a "mirror focus" in the motor cortex contralateral to the side with the penicillin induced epileptogenic focus. Engel et a\. (1978) have used the [14C]deoxy glucose method to study seizures kindled in rats by daily electroconvulsive shocks. After a period of such treatment , the animals exhibit spontaneous seizures. Their results show marked increases in the limbic system , particularly the amygdala. The daily administration of the local anesthetic . lido caine , kindles similar seizures in rats; Post et al. (1979) have obtained similar results in such seizures. with particularly pronounced increases in glucose utilization in the amygdala , hippocampus , and the enterorhinal cortex.
Spreading cortical depression. Shinohara et al. (1979) studied the effects of local applications of KCI on the dura overlying the parietal cortex of conscious rats or directly on the pial surface of the parietal cortex of anesthetized rats in order to de termine if K+ stimulates cerebral energy metabo lism in vivo as it is well-known to do in vitro . The results demonstrate a marked increase in ce re bral cortical glucose utilization in response to the application of KCI; NaCI has no such effect (Fig.  10) . Such application of KCI , however , also pro duces the phenomenon of spreading cortical de pression. This condition is characterized by a spread of transient intense neuronal activity fo l lowed by membrane depolarization , electrical de pression , and a negative shift in the cortical DC potential in all directions from the site of initiation at a rate of 2-5 mm/min. The depressed cortex also exhibits a number of chemical changes , including an increase in extracellular K+ , lost presumably from the cells. At the same time when the cortical glu cose utilization is increased , most subcort ical structures that are functionally connected to the de pressed cortex exhibit decreased rates of glucose utilization. During recovery from the spreading cortical depression , the glucose utilization in the cortex is still increased , but is distributed in col umns oriented perpendicularly through the cortex. This columnar arrangement may reflect the colum nar functional and morphological arrangement of the cerebral cortex. It is likely that the increased glucose utilization in the cortex during spreading cortical depression is the consequence of the in creased extracellular K+ and activation of the Nat . K+-ATPase.
Opening of blood-brain barrier. Unilateral opening of the blood-brain barrier in rats by unilat eral carotid injection with a hyperosmotic mannitol solution leads to widely distributed discrete regions of intensely increased glucose utilization in the ip silateral hemisphere (Pappius et al. , 1979) . These focal regions of hypermetabolism may reflect local regions of seizure activity. The prior administration of diazepam prevents the appearance of these areas Autorad iographs of sections of rat brains during spread ing cortical depression and during recovery. The autoradio graphs are pictorial re presentations of the relative rates of glucose utilization in various parts of the brain-the greater the density, the greater the rate of glucose utilization. The left sides of the brain are re presented by the left hemispheres in the auto rad io graphs. In all the experiments illust rated, the control hemisphere was treated the same as the experimental side except that equivalent concentrations of NaGI rather than KGI were used. The NaGI did not lead to any detectable differences from hemispheres over which the skull was left intact and no NaGI was applied. Left: Autorad iographs of sections of brain at different levels of cerebral cortex from a conscious rat during spread ing cortical depression induced on the left side by application of 5 M KGI to the intact dura overlying the left parietal cortex. The spread ing depression was sustained by repeated applications of the KGI at 15-to 20-minute intervals throughout the experimental pe riod. Right: Autorad iographs from sections of brain at the level of the parietal cortex from 3 animals under barbiturate anesthesia. The top section is from a normal anesthetized animal; the middle section is from an animal during unilateral spread ing cortical depression induced and sustained by re peated applications of 80 mM KGI in artificial cerebrospinal fl uid directly on the surface of the left parieto-occipital cortex. At the bottom is a comparable section from an animal studied immediately after the return of cortical DG potential to normal after a single wave of spread ing depression induced by a single applicat ion of 80 mM KGI to the parieto-occipital cortex of the left side. (From Shinohara et aI., 1979.) of increased metabolism in most cases (Pappius et aI. , 1979) , and electroencephalographic recordings under similar experimental conditions reveal evi dence of seizure activ ity (C. Fieschi, personal communication) . Hypoxemia. Pulsinelli and Duffy (1979) have studied the effects of controlled hypoxemia on local cerebral glucose utilization by means of the qualita tive [14C]deoxyglucose method. Hypoxemia was achieved by artificial ventilation of the animals with a mixture of N2, N20, and O2 adjusted to maintain the arterial P02 between 28 and 32 mm Hg. All the animals had had one common carotid artery ligated to limit the increase in cerebral blood flow and the amount of O2 delivered to the brain. Their au toradiographs provide striking evidence of marked and disparate changes in glucose utilization in the various structural components of the brain. The hemisphere ipsilateral to the carotid ligation was, not unexpectedly, more severely affected. The most striking effects were markedly higher increases in glucose utilization in white matter than in gray matter, presumably due to the Pasteur effect, and the appearance of transverse cortical columns of high activity alternating with columns of low activ ity. By studies with black plastic microspheres, they were able to show that the cortical columns were anatomically related to penetrating cortical arteries, with the columns of high metabolic activity lying between the arteries. Miyaoka et al. (l979b ) have also studied the ef fects of moderate hypoxemia in normal, spontane ously breathing conscious rats without carotid liga tion. The hypoxemia was produced by lowering the O2 in the inspired air to approximately 7%. Al though this procedure reduced arterial P02 to ap proximately 30 mm Hg, the cerebral hypoxia was probably less than in the studies of Pulsinelli and Duffy (1979) because of the intact cerebral circula tion. The animals remained fully conscious under these experimental conditions, although they ap peared subdued and less active. The quantitative [14C]deoxyglucose method was employed, and rates of glucose utilization were determined. The results revealed many similarities to those of Pulsinelli and Duffy (1979) . There was a complete redistribution of the local rates of glucose utilization from the normal pattern. Metabolism in white matter was markedly increased. Many areas showed decreased rates of metabolism. Columns were seen in the ce rebral cortex, and the caudate nucleus exhibited a strange lace-like heterogeneity quite distinct from its normal homogeneity. Despite the widespread changes, however, overall average glucose utiliza tion remained unchanged. These results are of rele vance to the studies by Kety and Schmidt (I 948b ) , who found in man that the breathing of 10% O2 pro duced a wide variety of mental symptoms without altering the average O2 consumption of the brain as a whole. The mental symptoms were probably the result of metabolic and functional changes in spe cific regions of the brain detectable only by methods like the deoxyglucose method that measure metabolic rate in the structural components of the brain.
No rmal aging. Although , strictly speaking, aging is not a pathophysiological condition, many of its behavioral consequences are directly attributable to decrements in functions of the central nervous sys tem (Birren et aI., 1963) . Normal human aging has been found to be associated with a decrease in aver age glucose utilization of the brain as a whole (Sokoloff, 1966) . Smith et al. (1980) have employed the quantitative [14C]deoxyglucose method to study normal aging in Sprague-Dawley rats between 5-6 and 36 months of age. Their results show wide spread but not homogeneous reductions of local ce rebral glucose utilization with age. The sensory systems, particularly auditory and visual, are par ticularly severely affected. The caudate nucleus is metabolically depressed, and preliminary experi ments indicate that it loses responsivity to dopamine agonists, such as apomorphine, with age (C. Smith and J. McCulloch, unpublished observa tions). A striking effect was the loss of metaboli cally active neuropil in the cerebral cortex ; Lay er IV is markedly decreased in metabolic activity and extent. Some of these changes may be related to specific functional disabilities that develop in old age.
Microscopic Resolution
The resolution of the present [14C]deoxyglucose method is at best approximately 100 /Lm. The use of [3 H]DG does not greatly improve the resolution when the standard autoradiographic procedure is used. The limiting factor is the diffusion and migra tion of the water-soluble labeled compound in the tissue during the freezing of the brain and the cut ting of the brain sections. Des Rosiers and Descarries (1978) have been working to extend the resolution of the method to the light and electron microscopic levels. They use [:IH]DG and dipping emulsion techniques, and they have reported that fixation, po stfixation, dehydration, and embedding of the brain by perfusion in situ re sults in negligible loss or migration of the label in the tissue . They can localize grain counts over individual cells or por tions of them . Although the method is at present only qualitative, it is likely that it can eventually be adopted fo r quantitative use . An alternative prom ising approach to microscopic resolution is the use of freeze-substitution techniques (Ornberg et aI., 1979 ; Sej nowski et aI., 1980) .
[1 HF]Fluorodeoxyglucose Technique
Because the deoxyglucose method require s the measure ment of local concentrations of radioactiv ity in the individual components of the brain. it can not be applied as originally designed to man . Recent developments in computerized emission tomogra phy. however, have made it possible to measure local concentrations of labeled compounds ill vivo in man. Emis sion tomography require s the use of y-radiation, preferably annihilation y-rays derived from positron emission . A positron-emitting de rivative of deoxyglucose, 2-[lHF]fluoro-2-deoxy-o glucose has been synthesized and found to retain the neces sary biochemical properties of DG (Reivich et aI., 1979) . The method ha s, therefore, been adapted for use in ma n with [IHF ]fluoro deoxyglucose and positron-emission tomography (Phe lps et aI., 1979; Reivich et aI., 1979) . The res olution of the method is still relatively limited, appro ximately 1 cm, but it is already proving to be useful in studies of the human visual system (Phelps et aI., 1981) and of clinical conditions, such as foc al epilepsy (Kuhl et aI., 1979 (Kuhl et aI., , 1980 . This technique is of immense potential usefulness for studies of human local cerebral energy metabolism in normal states and in neurological and psychiatric disorders.
Relationship Between Local Energy Metabolism and Local Blood Flow in the Brain
The concept that the regulation of the cerebral circulation is at least in part mediated by the prod ucts of cerebral metabolism and that cerebral blood flow is adjusted to local cerebral metabolism and functional activity is almost a century old . In a clas sic paper published in 1890 , Roy and Sherrington (1890) metabolism contained in the lymph which bathes the wall s of the arterioles of the brain can cause variations of the calibre of the cerebral vessels ... in this re-action the brain possesses an intrinsic mechanism by which its vascular supply can be varied locally in correspondence with local varia tion s of functional activity ." The validity of this hypothesis has been generally assumed, and it has been the basis of many of our current ideas about the regulation of the cerebral circulation . Direct ex perimental evidence in support of it, however, has awaited the development of methods for the mea surement of blood flow and energy metabolism in di screte structural components of the brain exhib iting alterations in functional activity .
The availability of the [14C]deoxyglucose method fo r measuring glucose utilization and the [14C]_ iodoantipyrine method (Sakurada et aI., 1978) for measuring blood flow in individual discrete struc tural and functional components of the brain has made it po s sible to examine directly the relationship between them. The re sults demonstrate that they are indeed closely related (Des Rosiers et at., 1974) . In normal conscious rat the coefficient of correla tion between the rates of glucose utilization and blood flow in the various cerebral structures is equal to 0.95 (p < 0.001) (Fig . I1A) . Thiopental anesthesia reduces the rates of both metabolism and blood flow in almost all the structures, but the cor relation, though reduced, still remains quite close (r = 0.80, p < 0.001) (Fig . lIB) . These results confirm that the individual cerebral structures are normally perfused more or less in proportion to their metabolic demands.
Not only do the rates of blood flow in the various structural components of the brain normally parallel the local rates of glucose consumption, but local blood flow is generally altered, just as local energy metabolism is, in response to changes in local func tional activity . Local blood flow is measured with an auto radiographic technique like that of the [14C]_ deoxyglucose technique that demonstrates the rel ative rates of blood flow in the various cerebral structures. These autoradiographs demonstrate that the same structures that exhibit changes in glucose utilization also exhibit comparable changes in blood flow in altered physiological states . For example, retinal stimulation with a photoflash pro duces increased blood flow in discrete regions of the visual cortex, lateral geniculate body, and superior colliculus of the conscious cat (Sokoloff, 1961) . Unilateral enucleation in the rat reduces blood flow and glucose utilization contralaterally in these structures; indeed, the autoradiographs obtained with [14C]iodoantipyrine are then almost indistin guishable from those obtained with [14C] -deoxy glucose. Focal seizures produced by the applica tion of penicillin to the motor cortex in the monkey result in local increases in blood flow in the same structures that exhibit increased glucose consump tion ( Fig. 3) (Caveness et aI., 1975) . It is clear from the results of the studies of local cerebral blood flow and glucose utilization that energy metabolism and fu nctional activity are closely coupled in the nervous system and that local blood flow is distributed and adjusted in the cere bral tissues to local metabolic demand and thereby to local functional activity. The results fu lly confirm this hypothesis of Roy and Sherrington (1890) , but the mechanisms responsible fo r the close coupling of these vital functions remain unknown.
Summary
The deoxyglucose method provides the means to determine quantitatively the rates of glucose utili zation simultaneously in all structural and fu nctional components of the central nervous system and to display them pictorially superimposed on the anatomical structures in which they occur. Because of the close relationship between local fu nctional activity and energy metabolism. the method makes it possible to identify all st ructures with increased or decreased functional activity in various physiological, pha rmacological, and pathophysiological states. The images provided by the method do resemble histological sections of nervous tissue, and the method is, therefore , so me times misconstrued to be a neu roanatomical method and contrasted with physiological methods, such as electrophysiological recording. This classification obscures the most significant and unique fe at ure of the method. The images are not of structure but of a dynamic biochemical process, glucose utilization. which is as physiological as electrical activity. In most situations changes in functional activity re sult in changes in energy metabolism, and the images can be used to visualize and identify the si tes of altered activity. The images are, therefore, ana lo gous to infrared maps; they record quantitatively the rates of a kinetic process and display them pic torially exactly where they exist. The fa ct that they depict the anatomical structures is fortuitous; it indicates that the rates of glucose utilization are distributed according to structure, and specific functions in the nervous system are associated with specific anatomical structures. The deoxyglucose method represents, therefore, in a real sense, a new type of encephalography, metabolic encephalog raphy. At the very least, it should serve as a valu able supplement to more conventional types, such as electroencephalography. Because, however, it provides a new means to examine another aspect of function simultaneously in all parts of the brain, it is hoped that it and its derivative, the [18F lfluoro deoxyglucose technique, will open new roads to the understanding of how the brain works in health and disease.
